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ABSTRACT

Instantaneous heat flux rates were measured at the end-
wall of a tube in which shock-fronted, longitudinal pressure
waves were generated. Pressure oscillations with frequencies
of 479-881 Hz, amplitudes up to 175 psi peak-to-peak, and
average tube pressures from 40 to 190 psia were obtained.
The heat flux was calculated from the surface temperature of
the end-wall as measured by a thin platinum resistance film
deposited on a Pyrex surface inserted into the end-wall.

The instantaneous flux was found to be large compared
to the time average heat transfer rate. The instantaneous
rates increased with increasing pressure ratio and were pro-
portional to the square root of the product of the wave fre-
quency and the time-averaged pressure of the oscillations.

A one-dimensional model was solved numerically for the
case of zero net heat transfer to the end-wall. The calcu-
lations agreed with the experimentally observed trends and
correctly predicted the shape of the periodic portion of

the flux.
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SUMMARY

This experimental investigation is concerned with the
instantaneous heat flux rates at the end-wall of a tube in
which shock-fronted, longitudinal pressure waves have been
generated. Pressure oscillations in a frequency range of
479-881 Hz, with amplitudes up to 175 psi peak-to-peak, were
obtained with time-averaged tube pressures from 40 to 190
psia.

The pressure waves were generated by periodically
interrupting the inlet air flow to a resonant circular
tube by means of a rotating siren disk so that periodic
shock-fronted waves were formed. The air flow was bled
from the periphery of the tube through a thin gap that was
maintained between the open end of the tube and a flat
plate located perpendicular to the tube axis. This plate
forms the end-wall on which the instantaneous heat transfer
was studied. The instantaneous heat flux at the center of
the end-wall was calculated from the surface temperature
oscillation as measured by a thin platinum resistance film
deposited on a Pyrex surface inserted into the end-wall.

At the center of the end plate the fluid flow was not
appreciably affected by the air bleed at the tube circum-
ference. Therefore, the flow at the end-wall was similar
to that which occurs at the end of a rarefaction wave tube,
except that the wave was repetitive. The velocity fluctu-
ations of the gas were assumed normal to the end-wall, and a
one-dimensional analysis was performed to predict the

instantaneous heat flux at the center of the end-wall.
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The thermal boundary layer was thin, compared to the
wavelength of the oscillation, permitting the pressure to
be assumed independent of the distance from the end-wall
and therefore a function of time alone. The pressure
variation with time was provided from the experimental
data. The thermophysical properties were assumed con-
stant throughout the boundary layer. The gas temperature
was assumed to fluctuate isentropically at the outer edge
of the boundary layer and assumed to be constant at the
end-wall surface.

The unsteady energy equation was numerically solved
by a finite difference predictor-corrector method for the
case of a zero net heat transfer at the end-wall. Both the
theory and experimental data show that the instantaneous
heat flux rates increase as the pressure ratio across the
wave increases and are directly proportional to the square
root of the product of the frequency and the time-averaged
pressure of the oscillation. Both theory and experiment
also showed that the maximum heat flux rate is concomitant
with the pressure shock front and without measurable time lag
between the two events. The theoretical calculations and
experimental data were found to agree well for the range of

conditions studied.
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NOMENCLATURE

speed of sound, ft/sec.

defined by Eq. 5-26, dimensionless.

defined by Eg. 5-27, dimensionless.

specific heat for a solid, BTU/lbm—°F.

a constant for a particular wave shape, dimensionless.
specific heat at constant pressure, BTU/lbm—°F.
frequency, Hz.

plate gap thickness, in.

heat transfer coefficient, BTU/hr-ft2—°F.

thermal conductivity, BTU/hr-ft-°F.

thermal conductivity of the gas at the outer edge
of the thermal boundary layer, BTU/hr—-ft-°F.

slab thickness, in.

resonant tube length, in.

time rate of change of pressure (dP/dt), psi/sec.
instantaneous gas pressure, psia.

amplitude of the pressure wave, psi.

time-averaged tube pressure, psia.

maximum gas pressure in the cycle, psia.

minimum gas pressure in the cycle, psia.

pressure ratio across the wave (Pm/PO), dimensionless.

upstream air pressure adjacent to the siren disk,psia.

ratio of average tube pressure to average siren
inlet pressure, dimensionless.
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defined by Eq. 4-8, BTU/ft2.

heat flux at the wall, BTU/sec—ftz.
aAt/(Ax)z, dimensionless .

tube radius, in.

radius, in.

specific gas constant, ft—lbf/lbm—°R.
sound pressure level, db.

time, sec.

time increment, sec.

period of the pressure oscillation (1/f), sec.
temperature, °R.

time-average of the surface temperature
fluctuation, °R,

temperature defined in Fig. 6-8, °R.

minimum gas temperature in the cycle, °R.

an average gas temperature defined in Fig. 3-12, °R.

wall temperature, °R.

isentropic gas temperature outside the thermal
boundary layer, °R.

average isentropic gas temperature outside the
thermal boundary layer, °R.

gas velocity normal to the test plate, ft/sec.
distance measured from the test plate, in.
distance increment, in.

control volume thickness, in.

maximum control volume thickness, in.
(T/TO)(P/PO)l%l, dimensionless.

x/6, dimensionless.

xiii
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Subscripts

Xiv
normalized distance increment, dimensionless.
normalized control volume thickness, dimensionless.,
thermal diffuéivity, in.Z/Sec.
k/(cppOL in.z/sec.
defined by Eq. 5-14, in.
time rate of change of § (dé/dt), in./sec.
defined by Egq. 5-15, in.
ratio of specific heats (cp/cv), dimensionless.
gas density, 1bm/ft3.

gas density at the outer edge of the thermal
boundary layer, lbm/ft3.

gas density evaluated at (TO,PO), lbm/ftB.
normalized time (tf), dimensionless.
normalized time increment, dimensionless,

. . . i
normalized time in the cycle when the heat
transfer rate is zero, dimensionless.

index for finite difference distance increment.

index for finite difference time increment.



INTRODUCTION

In recent years an interest has developed in under-
standing the effects of pressure oscillations on forced con-
vection heat transfer. This interest has been motivated by
the observed increase in the average heat transfer rates
when pressure oscillations are imposed on the floWing fluid.
For example, it has been found that the pressure oscillations
in a rocket combustion chamber experiencing unstable com-
bustion can cause as much as a three-fold increase in the
average heat transfer rate to the combustion chamber walls.

The present heat transfer investigation was undertaken
to provide information on the instantaneous heat flux from a
gas in which the fluctuating pressure waves are of a shape
and frequency encountered during combustion instability in
rocket engines. It is therefore appropriate that the gen-
eral problem of combustion instability be briefly discussed.

Combustion instability is characterized by extreme
pressure oscillations in the combustion chamber that often
are as large as i+ 50-100 percent of the mean chamber pressure
(Berman, Bollinger, Zucrow). The severe mechanical vibrations
from these oscillations can structurally damage the rocket.
In addition, the increase in the heat flux at the chamber
walls may cause the wall temperature to reach the melting

point. Pressure oscillations of this magnitude cannot be



tolerated in the operation of a rocket engine and must be
eliminated before the engine can be used in flight.

The oscillations can occur at low frequencies (< 100 Hz,
called "chugging"), as well as at high frequencies (> 500 Hz,
called "screaming"). The pressure wave shapes are generally'
of two types - sinusoidal and steep-fronted. As might be
expected, the steep-fronted waves are the more damaging.
Such high frequency oscillations can occur in any one of
four acoustic modes - longitudinal, transverse, radial, and
mixed.

Low frequency instability is well understood as being
caused by the interaction between the injection system
dynamics and the dynamic response of the combustion chamber
pressure to propellant flow variations (Barrere, Sutton).
The high frequency instabilities are not as well understood,
but have been found to be attributable to the combustion
process itself (Priem; Crocco, 1964).

As far as this author is aware, all of the previous
investigations into the effect of pressure oscillations on
heat transfer have been concerned with measuring time-
averaged heat transfer rates. However, for the purpose of
studying the mechanisms which cause combustion instability,
a knowledge of instantaneous heat transfer rates may be -
helpful. With this in mind, two investigations were under-
taken at the University of Wisconsin under NASA sponsorship.

In the first investigation, Wendland measured the

instantaneous heat flux at the end of a cylinder in which
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pressure oscillations were imposed by a piston. The pressure
oscillations were of a sinusoidal type with an amplitude of
400 psi and a frequency range of 15-58 Hz.

In the present investigation an apparatus was designed '
and built to generate longitudinal shock-fronted pressure
waves in a tube at frequencies up to 1080 Hz. The standing
pressure waves were produced in a resonant tube by periodi-
cally interrupting the air flow from a cohverging nozzle
inlet by means of a rotating siren disk. The air flow was
bled from the periphery of the tube through a thin gap that
was maintained between the open end of the tube and a flat
plate located perpendicular to the tube axis. This plate
formed the end-wall on which the instantaneous heat flux
was measured.

The text which follows begins with a survey of the
literature on the effect of both small and large amplitude
pressure waves on the time-averaged heat flux. This is
followed by a description of the experimental apparatus that
was used in the present investigation, along with a dis-
cussion of its performance. A theoretical model for pre-
dicting instantaneous heat transfer rates is then described,
the resulting solutions are compared with the experimental
data, and the conclusions are discussed. Finally, recom-

mendations for future work are presented.



CHAPTER ONE
SURVEY OF THE LITERATURE

The purpose of this chapter is to acquaint the reader
with the literature pertinent to this investigation that
exists concerning heat transfer in oscillating flows. For
a more detailed treatment, the reader is referred to a
recent publication by Bogdanoff which contains an extensive
survey of the literature. The chapter concludes with a
short discussion of the similarities in the flow conditions
at the end-wall of a shock tube and a rarefaction wave tube

to the flow conditions in the present investigation.

1-1 FORCED CONVECTION - SMALL PRESSURE AMPLITUDES

A substantial amount of heat transfer data has been
obtained at pressure amplitudes on the order of one psi
peak~to-peak for both internal flows (inside tubes) and
external flows (over flat plates). Hwu acoustically
induced pressure oscillations in a double pipe heat exchanger
at frequencies from 198-322 Hz, with Reynolds numbers of
800-6000. The heat transfer coefficient was found to
increase (up to 50 percent) with the frequency and amplitude
of the pressure fluctuations. Chalitbhan obtained a 100

percent increase in the heat transfer coefficient by



introducing the pulsations from two air compressors into a
double pipe heat exchanger. Although the frequency of the
oscillations was low (3-15 Hz), the Reynolds number range
was large (7000-~-200,000).

Investigations at the Georgia Institute of Technology‘
by Spurlock, Jackson, Eastwood, Purdy, and others have
been extensive. Sinusoidal pressure oscillations were
imposed on air flowing at near atmospheric pressure in a
resonant isothermal tube by pointing a driver and horn into
the downstream end of the tube. Frequencies in the range
of 150-350 Hz were used - with pressure amplitudes on the
order of one psi peak-to-peak. The local heat transfer
coefficient was found to vary periodically between the
nodes and antinodes of the resonant sound wave. Two regimes
of heat transfer were discovered. In the first regime,
which occurred at Reynolds numbers less than 20,000, the
maximum coefficient occurred at the velocity antinodes -
while the minimum heat transfer coefficient occurred at the
velocity nodes. Until a certain critical sound pressure
level (SPL) was reached (155 db at 222 Hz and a Reynolds
No. = 20,000), no effect on the local heat transfer coeffi-
cient could be observed; after this, an increase in the
SPL resulted in an increase in the local Nusselt number.
The maximum overall increase in the average Nusselt number

was 20 percent.



There was a gradual transition region as the Reynolds
number was increased - until at 40,000 and greater, the
maximum heat transfer coefficient occurred at the velocity
nodes. In this regime the pressure waves were found to
suppress the heat transfer coefficient; and an increase in
the SPL reduced the average Nusselt number. An analysis by
Purdy et al. for laminar flow predicted the formation of
vortices - which was later confirmed by experiment. Evi-
dently, a cﬁange in the vortex pattern at the larger Reynolds
numbers explains the exiétence of the two regimes of heat
transfer.

The critical sound pressure levels, below which there
was no observed effect on the local Nusselt number, were
investigated by Eastwood et al. The existence of a
critical SPL indicated that the secondary flows did not
dominate the flow field until the pressure disturbance
reached a critical level.

Bayley et al. studied the effect of pressure oscilla-
tions on the heat transfer from an electrically heated flat
plate. Pressure oscillations of 10-100 Hz were produced in
a duct by rotating a butterfly valve at the outlet of a
six-stage blower. As was observed for internal flow in a
tube, no increase in the average heat transfer coefficient
was observed until a certain critical pressure amplitude
was reached. Bayley et al. believed that the critical

pressure amplitude corresponded to the point at which flow



reversal occurred on the plate. The maximum increase in the
heat transfer rate was 50 percent.

Feiler and Yeager produced pressure oscillations at
34-680 Hz in a duct by means of a siren located upstream.
The heat transfer from a flat plate placed in the duct
parallel to the air stream was studied. It was found that
the resulting velocity fluctuations produced an effect on
heat transfer from the plate similar to that caused by an
increase ir the free stream turbulence intensity. High-
speed schlieren photographs of the thermal boundary layer
indicated that the outer edge of the layer was irregular
in shape. Flow reversals in the boundary layer were
observed, and fragments of the layer were dissipated in
the main stream. This mechanism accounted for the observed
increase in heat transfer.

Each of the above authors presented correlations for
their data, but the usefulness of the correlations is
gquestionable due to the limited range of data upon which
each was based. However, it has been demonstrated that
secondary flows play an important role in determining the
heat transfer rate. Several authors have found that the
pressure oscillations must be of sufficient strength to
develop secondary flows. Feiler and Yeager found that the
imposed pressure oscillations had an effect on heat transfer
similar to that caused by an increased amount of free stream

turbulence. Because of this similarity, their results were



correlated using the turbulence intensity as a parameter.

1-2 FORCED CONVECTION - LARGE PRESSURE AMPLITUDES

During the past ten years, Harrje, Saunders, Marec,
Bogdanoff, and others at Princeton University have studied
the effect of large amplitude (50 psi peak-to-peak) steep-
fronted pressure waves on the heat transfer in tubes.
Pressure waves were generated in a resonant tube by a siren
located at the downstream end of the tube. The tube was
of sufficient length so that the pressure waves had steep-
ened by the time they reached the test section, which was
a heated nichrome ribbon mounted in the wall of the tube.
Heat flux increases of up.to 200 percent have been obtained
in this apparatus. The increase in heat flux was found to
be a function of: (1) the amplitude of the local velocity
oscillations, (2) the frequency of the oscillations,

(3) the time-averaged gas pressure, and (4) the Mach number.
The investigations were performed in fully developed turbu-
lent flow at frequencies from 50-500 Hz. Maximum heat
transfer rates occurred at the velocity antinodes. By use
of an axially traversing heater section, it was also found
that the degree of flow reversal was important (Marec and
Harrje).

Recently, Bogdanoff performed an investigation into
the importance of viscous dissipation, acoustic streaming,

and the turbulence structure on heat transfer in an



isothermal tube. It was shown that the most important
mechanism by which the pressure oscillations increase the
heat transfer is through the generation of "abnormal"
turbulence in the boundary layer. Viscous dissipation and
acoustic streaming were found not to be important in most
cases.

Investigations at both small and large pressure ampli-
tudes have shown éhat turbulence plays an important role in
heat transfer in oscillating flows. Thus, as progress is
made toward an understanding of the mechanism of turbulence,

so will progress be made in this area of heat transfer.

1-3 SHOCK TUBES AND RAREFACTION WAVE TUBES

Because of the geometrical similarities in the heat
transfer situation at the end of shock tubes and rarefaction
wave tubes to that of the present situation, a short dis-
cussion of these areas of research is included. The pri-
mary difference is that, in the above cases, the flow is
not periodic; whereas in the present case it is. The inves-
tigations at the end of shock tubes (Clarke, Busing,
Frieman, Peng, Lauver) are intended to determine the gas
thermal conductivities and surface accommodation coefficients
at elevated gas pressures and gas temperatures. The reflec-
tion of the shock wave from the end of the tube provides a
stagnant gas from which heat is transferred to the end wall.

From the instantaneous surface temperature measurement, the



10

thermal conductivity of the gas and surface accommodation
coefficients can be calculated by a one-dimensional analysis.
The analysis of the end-wall heat transfer in a rare-
faction wave tube (Levy, Chao) is more directly applicable
to the present investigation than the shock tube work. The
expansion process is similar to that which occurs during one
cycle in this author's apparatus. Many of the basic assump?
tions concerning the thin thermal boundary layer are the
same for both cases. However, their analyses differ in
that the boundary condition at the outer edge of the thermal
layer is non-periodic. As would be expected, the end-wall
heat flux decreases rather sharply as the expansion of the
gas progresses. The heat flux rates obtained were more
than an order of magnitude below those obtained in the

present analysis, although the form was similar.
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CHAPTER TWO
EXPERIMENTAL APPARATUS

This chapter is a description of the experimental
apparatus used in this investigation. First, the mechanical
components of the apparatus are described in detail, followed
by a description of the instrumentation used. At the end
of the chapter, the operating procedure used during each
test run is briefly discussed.

A schematic diagram of the experimental apparatus is
presented in Fig. 2-—1.l Pressure oscillations in the reso-
nant tube are obtained by periodically interrupting the
upstregm air flow by rotating the siren disk at a frequency
which corresponds to the resonant frequency of the tube.

The air is supplied from a bank of air cylinders pressurized
to 2500 psia. After each test run the air supply is
replenished by use of a high pressure air compressor. A
pneumatic control valve maintains the air pressure at the
siren inlet constant during a test run. After the air
passes through the resonant tube, the pressure of the air

is reduced to nearly atmospheric before the flow rate is
measured by a sharp edged orifice located in the discharge
line. The resonant tube section of the schematic diagram

is shown expanded in Fig. 2-2.

lFigures are located at the end of each chapter.



2-1 MECHANICAL COMPONENTS 12

Siren Assembly

The siren assembly, as shown in Fig. 2-3, consists of
three basic components: (1) the siren disk, which periodi-
cally interrupts the air supply to the tube and thus gener-
ates the pressure waves in the tube, (2) the inlet nozzle,
which limits the mass flow rate in the tube, and (3) the
labyrinth type seals, which minimize air leakage from the
apparatus. It was found convenient to construct the siren
assembly from an existing steam turbine. The turbine wheel
was replaced by the siren disk, and a boss was welded onto
each side of the upper turbine housing to provide mounting
surfaces for the other components.

The siren disk is twenty-three inches in diameter,
with eighteen equally spaced holes located as shown in
Fig. 2-4. In order to minimize vibration of the disk, as
caused by the alternate closing and opening of the air
supply to the resonant tube, the disk was made 0.88 in.
thick. Fof a stationary disk of this size, the natural
frequency is calculated to be greater than 2500 Hz
(Timoshenko and Young). However, when the disk is rotating,
centrifugal force will resist any deflection of the disk
and thereby increase its natural frequency. An additional
benefit obtained by having a thick disk is that it makes an
effective flywheel. Therefore, although there is alternate

loading of the siren disk as it interrupts the air flow,
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its speed remains constant. The siren disk shaft is con-

nected to a 30‘Hp, AC motor by a series of V-belts. The
motor speed is constant at 3600 rpm, and the siren shaft
can be driven at four speeds so that pressure waves at fre-
quencies of 479, 694, 881, and 1080 Hz can be generated.
The critical speed for the shaft with the siren disk
mounted is 7000 rpm (Baumeister). This assembly was dynam-
ically balanced before installation.

The siren disk was fabricated from "T-1" Type A
constructional alloy steel with a 100,000 psi yield
strength. With this high strength steel, the burst speed
of the disk is 11,000 rpm (Roark). Therefore, there is a
safety factor of three at the maximum operating speed of
3600 rpm.

The converging inlet nozzle has an elliptical entrance
profile followed by a straight bore section. Several
nozzles with different throat diameters were used. The
desired operating conditions for the fun determined which
nozzle was installed in the apparatus.

Two labyrinth type seals are used to minimize air
leakage from the apparatus. The labyrinth seals consist of
a series of concentric lips which are adjusted to within a
few thousandths of an inch from the surface of the siren.
disk. When contact with the steel siren disk does occur,
such as during wear-in of the seals, the thin lip of the
seal quickly wears away, since it is made of Asarcon 773

bearing bronze (SAE designation 660).
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The siren assembly components are designed for an

inlet air pressure of 600 psia. The housing which encloses
the siren disk is not pressurized. The air leakage into the
housing is discharged to the atmosphere through a sharp

edged orifice by which the rate of air leakage is monitored.

Tube Assembly

The tube assembly consists of three components:
(1) the telescoping assembly, (2) several spacers, and
(3) the main tube. These components enable the tube length
to be adjusted to a resonant length prior to each test run.
All of the components are made of brass. The apparafus as
viewed from the tube end is shown in Fig. 2-5. The test
plate has been removed and is shown on the right.

The telescoping assembly as shown in Fig. 2-6 provides
for a continﬁous length adjustment of 1.25 in. The feather
section is tapered so that there is a gradual transition in
the inside diameter of the tube assembly from 0.907 to
0.957 in., where the tip thickness is 0.005 in. Since the
inside diameter of the remainder of the tube is 0.968 in.,
there is an abrupt change in the tube I.D. of 0.011 in.
This small abrupt change in the tube I.D. was not detri-
mental to the shape of the pressure wave generated. Figure 2-7
is a view of the upper siren housing with the air inlet on

the left and the telescoping assembly on the right,
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One inch incremental changes in tube length are

obtained by inserting several lengths of spacers in series.
The spacers are piloted so that the step in the I.D. of the
tube is maintained at less than 0.001 in. at each interface.
With the use of different main tube lengths, the total tube

length can be adjusted from 20 to 117 in.

Test Section

The air, with superimposed pressure oscillations, flows
down the length of the tube and is radially discharged at
the tube end through the gap between the test plate, which
forms the tube end-wall, and the test plate holderi(see
Fig. 2-8). This configuration forms a converging-diverging
nozzle with the throat located at the tube diameter and with
the diverging portion being formed by the gap between the
test plate and its holder. The test section consists of a
one inch diameter Pyrex insert mounted in the test plate.
Since vibration of the test plate caused by the impacting
pressure waves could affect the heat transfer at the plate,
the vibration was minimized by using a cast iron plate

1.125 in. thick.
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2-2 INSTRUMENTATION

The nature of this investigation requires that cyclic
surface temperature measurements and cyclic gas pressure
measurements be obtained. This imposes a stringent
requirement on the instrumentation since the oscillations
occur at such a high frequency (479-881 Hz). The location
of the instrumentation which is installed near the test

section is shown in Fig. 2-9.

Surface Temperature

The cyclic surface temperature measurement was
difficult since the amplitude of the temperature oscillation
was quite low (0.25- 2.0°F), in addition to being at a
high frequency. Currently, there are three techniques
available by which the surface temperature oscillation
could have been accurately measured. All three techniques
utilize evaporated thin films on the surface whose temper-
ature is to be measured. Thin film thermocouples in which
two evaporated films are overlapped have been developed by
Hackemann, Bendersky, and others. These are commonly used
for interior surface temperature measurements in internal
combustion engines (Bennethum, Pless, Overbye).

Thin film resistance thermometers are extensively used
in shock tube work where microsecond response is necessary

(Bogdan, Hall, Hartunian, Miller, vidal). Hall gives a
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good historical account of the development of the thin film

thermocouple and the resistance thermometer. The thin film
resistance thermometer was chosen for this investigation
because, when placed in a bridge circuit, its output sensi-
tivity is greater than that of the thin film thermocouple.
Because of the greater sensitivity of thin resistance films,
thin film thermocouples have largely been abandoned in
shock tube applications.

The third technique is a recent development - within
the last year - whereby thin film thermistors have been pro-
duced in a thickness range of 500 g - 950 i (Victory Engi-
neering Co.). This technique seems quite promising because
of the great sensitivity of thermistors to temperaéure
changes. However, this author is not aware of any refer-
ences in which transient surface temperatures have been
measured by a thin film thermistor.

In order to obtain measurable surface temperature
oscillations, it was necessary to use a low thermal con-
ductivity surface - thereby minimizing the thermal penetra-
tion depth. Since thin film resistance sensors deposited
on No. 7740 Pyrex substrate were commercially available%
it was decided to make the test surface from No. 7740 Pyrex.
The sensor used was a 0.062 in. thick disk, 0.190 in. in
diameter, with a 0.020 in. wide platinum film 1000 i thick

deposited on its surface. The thin film sensor was mounted

lAstro--Space Laboratories, 2104 Memorial Parkway, Huntsville,
Alabama 35801.
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in a one inch diameter disk of Pyrex as shown in Fig. 2-10.

This assembly was then mounted in the test plate as shown
in Fig. 2-9.

The sensor was bonded to the Pyrex disk with a 0.001
in. thick layer of epoxy around its edge. This was cured,
and the remaining cavity behind the sensor was filled with
epoxy and cured once again. The surfaces were flush within
0.001 in., so that any disturbance to the air flow was
minimized. Both the sensor substrate and the disk in which
it was mounted were of the same material (No. 7740 Pyrex) -
insuring that there would be no disruption in the surface
temperature distribution due to dissimilarities in thermal
propexties. The platinum is chemically bonded to the Pyrex,
insuring good thermal contact. A protective silicon monoxide
overcoating, 1000 i thick, was applied to the platinum f£ilm.
With this coating, the response time of the sensor was
approximately 10 microseconds. The electrical leads are
attached to the rear of the sensor, and hence do not disturb
the surface temperature distribution. Before attachment of
these leads, a thin film connecting the platinum strip with
the rear of the sensor was deposited. A photograph of the
sensor as mounted in the test plate is shown in Fig. 2-11.

The platinum thin film was placed in the constant
current Wheatstone bridge circuit shown in Fig. 2-12. 1In
order to insure that the joule heating of the thin film
was negligible, the current through the thin film was

limited to two milliamperes. The bridge sensitivity was
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approximately 0.2 mv/°F and linear in its operating range.
The output signal from the bridge was amplified one thousand
times before being displayed on an oscilloscope. The
amplified signal was then passed through a low pass filter
so that the average surface temperature rise could be
recorded on a Brush chart recorder. The resistance versus
temperature calibrétion of the thin platinum film is linear,

as shown in Fig. 2-13.

Pressure

The oscillating gas pressure was measured with a
Kistler (601L) piezoelectric pressure transducer with a rise
time of three microseconds and a resonant frequency of
130,000 Hz. The transducer was used in conjunction with a
Kistler (No. 566) charge amplifier. The signal output from
this system was linear over the operating range. This
transducer was chosen because of its small size (0.25 in.
diameter by 0.6 in. long), and it was mounted in the side
of the tube 0.5 in. from the test surface (see Fig. 2-9).
The recess resulting from the mounting of the pressure
transducer was filled with RTV adhesive/sealant to minimize
disturbance to the air flow. A Bourdon pressure gauge with
a pulsation snubber in the connecting instrument line was

used to monitor the average gas pressure in the tube.
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Gas Temperature

The thermocouple probe used to measure the average gas
temperature was placed in the center of the tube, 0.5 in.
from the test surface, as shown in Fig. 2-9. The thermo-
couple was supported by a 0.008 in. diameter stainless
steel sheath approximately 0.5 in. long. The small size
was chosen to minimize any disturbance to the air flow.

The thermocouple wires were 0.001 in. diameter, with a
0.003 in. diameter exposed bead. As with the pressure
transducer installation, the recesses in the tube wall due
to the mounting of the probe were filled to minimize the

disturbance to the air flow.

Mass Flow Rate

After the air was discharged from the end of the tube
and its pressure reduced to nearly atmospheric, it passed
through a sharp-edged orifice. From the measurement of
the pressure drop across the orifice, the average mass

flow rate was calculated.
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The frequency of the préssure oscillation was
measured by means of an electromagnetic pickup, which
produced eighteen pulses per revolution of the siren shaft.
Since there are also eighteen holes in the siren disk, the
frequency at which the pressure waves were produced could
be measured by an electronic counter. The electronic
counter was cycled every ten seconds during a test run,
and this showed that the frequency remained constant

within % 0.5 Hz during each test run.

2-3 OPERATING PROCEDURE

The experimental apparatus is located in a test cell
adjacent to the control room. This arrangement is desir-
able since during a test run the operating personnel are
separated from the high speed rotating siren disk, the
high pressure air, and the intense noise level. Figure 2~14
is an overall View of the control room, to which all the
test data were transmitted and recorded during a test run.

A test run was begun by first starting the siren disk.
Once the siren disk had reached a constant speed, the
inlet air pressure was gradually increased until the
desired average tube pressure was reached. The inlet
pressure (and’consequently the average tube pressure)

was then maintained constant by the upstream control
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valve, and the data were recorded. The data were taken

as quickly as possible because of the limited air supply,
a typical run taking from sixty to ninety seconds. The

air flow was then stopped, and the power to the siren

disk shut off.
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PLATINUM THIN FILM

[+]
1000 A (0.1 MICRON) THICK
0.020 IN. WIDE
0.150 IN. LONG

ELECTRICAL CONNECTION BETWEEN
PLATINUM STRIP AND REAR OF
SENSOR

—SENSOR
LEADS

__ THIN FILM
/////P_SENSOR

.0
‘E

EPOXY
FILLER

NO. 7740 PYREX

SCALE: 2" = 1"

Fig. 2-10 Pyrex Insert with Thin Film Sensor Mounted
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98 I T T T ]
CALIBRATION FOR THIN
97t FILM SENSOR |
MODEL 1002 §S/N 458
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96 L O UNIVERSITY OF i
‘ WISCONSIN
SLOPE = 0.1088 ohm/°F
951 ]
i
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TEMPERATURE (°F)

Fig. 2-13 cCalibration Curve for Platinum Thin
Film Resistance Sensor
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Control Room

2-14

Fig.
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CHAPTER THREE
PERFORMANCE OF THE APPARATUS

A discussion of the performance of the apparatus as
affected by the operating conditions is included in this
chapter. The shape of the pressure wave and its amplitude
are of greatest interest and are discussed in detail. The
increase in the stagnation temperature of the gas in the
resonant tube, which results from the action of the pressure
waves, is discussed; and the chapter concludes with the
results of a brief flow visualization study which was under-

taken at the test section.

3-1 EFFECT OF OPERATING VARIABLES ON THE WAVE PRESSURE RATIO

The amplitude of the pressure waves generated by the
apparatus is a function of: (1) the ratio of averagel tube

pressure to the average inlet pressure, P (2) the inlet

ti’
nozzle throat area, (3) the frequency, and (4) the resonant
tube length. The temporal pressure wave shape that is
obtained at the test plate is similar to that shown in

Fig. 3-1 and differs slightly from that measured by the

pressure transducer mounted 0.5 in. upstream from the plate.

lIn the text which follows, all averages refer to time-

averages.



38

The difference in the shapes is discussed further in
Sec. 3-2. The pressure ratio across the wave is defined
in Fig. 3-1 as P = Pm/PO where Pm is the maximum pressure
of the oscillation and Py is the minimum pressure of the
oscillation.

The operation of the apparatus is much like that of a
shock tube in that the siren disk suddenly exposes the
high inlet pressure to the lower tube pressure. This
action generates a shock of moderate strength. However,
unlike the shock tube, the siren disk next shuts off the
alr supply for a short period of time before reopening.
During this time the upstream air cavity, shown outlined
in Fig. 3~-2, undergoes a filling process. The air pressure
in the cavity, Ps’ increases until either equilibrium with
the inlet reservoir pressure is attained or the siren
reopens - whichever occurs first. In the case of higher
frequencies, the siren reopens before pressure equilibrium
with the inlet reservoir is attained and the air pressure
in the cavity, Ps’ is decreased. This decrease in PS
results in a lowering of the pressure ratio across the wave
generated. Likewise, a decrease in the inlet nozzle
throat area retards the filling of the air cavity and also
results in a lowering of P,. As before, this lowers the
pressure ratio across the wave. These trends are evident
in the performance data that are presented in Figs. 3-3

and 3-4. The frequency of the pressure waves in the tube



is determined by the number of times per second the inlet
pressure is repeatedly exposed to the tube pressure.

As would be expected, the pressure ratio across the
wave increases as the ratio of the tube pressure to the

inlet pressure, P_., decreases (see Figs. 3-3 and 3-4).

t
For these figures the tube length is fixed (100 in. at

479 Hz and 98.5 in. at 694 Hz). Comparison of Figs. 3-3

and 3-4 shows that, for a given P the smaller nozzle

ti’

results in a lower value of Pr. It can also be seen from
these figures that an increase in the frequency decreases

Pr - as was previously explained.

Lower P values than shown can be obtained by

ti
increasing the average inlet pressure or decreasing the
average tube pressure. Both of these adjustments require
that the test plate gap be enlarged. However, it was
found that when test plate gaps greater than 0.075 in.

were used, P began to decrease with decreasing P This

ti®
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decrease is caused by a significant portion of the pressure.

wave being reflected from the test plate and transmitted

to the outside atmosphere through this gap. This was

evidenced by an increase in the noise level in the test cell

when large plate gaps were used. All the data presented

here were obtained at test plate gaps of less than 0.050 in.

In order to obtain a shock-fronted pressure wave at
the test plate similar to that shown in Fig. 3-1, it is
necessary that the tube length be adjusted to a resonant

length. The tube resonates as if it were closed at both
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ends, and the resonant lengths can be calculated from the

simple organ pipe formula:

L, = = n=1,2, ..., N (3-1)
2f
where
L_ = resonant length
a = speed of sound
f = frequency.

For a tube closed at both ends the resonant lengths are
integral multiples of the half wave length. At the short
tube lengths (1%~wave lengths or less) the length of the
tube had to be adjusted to within 0.1 in. or resonance
would not occur. These lengths could not be accurately
calculated, although they were always found to be within
0.5 in. of those calculated by Eq. 3-1. With the tube in
a non-resonant condition, the pressure wave measured at the
plate would exhibit a step in the shock-front as shown
in Fig. 3-5. At the longer tube lengths, the adjustment
of the tube length was not as critical (within 0.5 in.)
and could always be calculated by Eg. 3-1.

As the resonant tube length is decreased, with all of
the other operating variables fixed, the amplitude of
the pressure wave is increased. The amplitude and shape
of the pressure wave at any point in the tube is a sum of
the pressure waves which were generated at the siren and
all of their subsequent reflections from the tube ends.

Because of the reduced frictional attenuation at the
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shorter tube lengths, the amplitude of the pressure wave is

increased. There were no means Qrovided for maintaining

the shape of the pressure wave constant from one run to
another. Consequently, the pressure wave shape varied
slightly from one run to another. Although the majority

of runs had pressure éhapes similar to that shown in

Fig. 3-6a, the runs made at lengths of two Wavelengﬁhs or
less exhibited the shape shown in Fig. 3-6b. The ratio of
P. divided by the P obtained at a tube length of 100 in.

is plotted in Figs. 3-7, 3-8, and 3-9. These figures show
that a 50 percent increase in Pr can be obtained by reducing
the tube length. As before, the effects of the inlet nozzle
area, frequency, and the ratio of the average tube pressure

to the average inlet pressure are apparent.

3~-2 PRESSURE WAVE SHAPE AT DIFFERENT TUBE LOCATIONS

A series of tests was undertaken to determine the
shape of the pressure wave with time at various locations
along the length of the tube when the total tﬁbe length is
fixed at a resonant length. The results of these tests are
shown in Figs. 3-10 and 3-11. 1In Fig. 3-10, as one moves
away from the test plate at x = 0 (a pressure antinode),

a step appears in the prssure rise of the wave as is
pointed out in the figure. The width of the step, as
defined in Fig. 3«10, grows with distance, until at the

pressure node, the amplitude of the pressure wave has been
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reduced by approximately one-half. At this point, the step

width has increased until the pressure wave now exhibits

a frequency double that at the antinode. As one continues
down the tube, the step width gradually recedes and finally
disappears at fhe next antinode at x = 14.2in., A similar
situation occurs at greater distances from the test plate,
as shown in Fig. 3-11, although the pressure shapes are not
identical with those in Fig. 3-10. At this distance, the
pressure tap locations were such that an entire one-half
wave length could not be traversed. However, from Fig. 3-10
it would seem that locations could be found where there

would be no step in the pressure wave shape.

3-3 ALTERNATE OPERATING GEOMETRY

In an alternate method of’operation,'the end of the
tube can be completely closed, and the air flow through the
apparatus maintained by bleeding air from the tube at a
point far upstream. The pressure wave shape is the same as
that obtained in the open end configuration. However, the
resonant length was found to be approximately one percent
larger than that calculated from Eq. 3~1. This alternate
geometry was not used in this investigation since the
apparatus was originally designed for the open endrmode

of operation.
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3~4 AVERAGE GAS TEMPERATURE IN THE TUBE

The action of the pressure waves in the tube increases
the stagnation temperature of the tube gas above that of
the gas in the upstream reservoir. The behavior of the
average gas and plate surface temperatures is shown in
Fig. 3-12. 1Initially, the tube is at atmospheric conditions.
With the siren disk rotating, the air flow is started at
time zero. As the tube préssure rises, the average gas
temperature increases sharply as a result of the filling
process. Then the average gés temperature rapidly decreases
for two reasons: (1) heat is transferred to the tube walls
and (2) the air that was initially compressed during the
filling process is exhausted to the atmosphere through the
plate gap. 1In the absence of the pressure waves the aver-
age gas temperature would decrease to the original inlet
temperature of 70°F. The reason that the average gas
temperature only decreases to a value Tq is not well
understood. A possible explanation is that there is a
net energy addition per cycle to the gas, via work, as a
result of the action of the pressure wave. For equilibrium(
this energy addition per cycle must be balanced by a net
heat transfer per cycle to the tube walls; therefore, the
average gas temperature must be greater than the temperature
of the tube walls. The average gas temperature gradually
increases from Tq with time as the plate and tube wall

temperatures rise. As shown in Fig. 3-12, the average
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surface temperature of the test plate rapidly increases

until at 1 = 40 sec., a steady gradual increase is estab-
lished. The stagnation temperature of the tube gas was
found to increase 15-20°F from the upstream reservoir
temperature at a frequency of 479 Hz. The stagnation
temperature increased approximately 30°F at the higher
frequency of 881 Hz as more pressure work per unit time is

done on the gas.

3-5 FLOW VISUALIZATION

To learn about the fluid flow pattern near the test
plate, two flow visualization methods were tried. In the
first method smoke was injected into the air stream. The
smoke, however, diffused into the flow so rapidly that
streamlines could not be distinguished. A surface oil
technique proved to be more satisfactory. With this tech-
nigue a mixture of kerosene and lampblack was placed onto
the surface of the test section. The air flow was main-
tained until all of the kerosene had been blown from the
plate and only the dried lampblack pattern remained.
Shutdown of the airflow did not disturb this pattern. The
pattern was photographed and projected onto a screen at a
magnification of 30. With this magnification a great amount
of detail could be discerned. A typical flow pattern
obtained is shown in Fig. 3-~13. Near the center portion

of the pattern no streaking was observed, indicating that
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the shear stresses there were small. Definite streaking

could be observed on the test plate near the tube I.D. where
the air velocity increases as the air escapes to the atmo-
sphere. Examination of the slides did not disclose any
non-radial flow, leading one to believe that there were

no strong secondary flows present. Comparison of the
experimental data with the theoretical model in Chapter

Six showed that the air near the éenter of the plate can

be considered to have only a velocity component normal

to the plate - as was indicated by this visualization study.
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3-1 Pressure Shape at the Test Plate
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INLET NOZZLE

AIR CAVITY
PRESSURE = PS

SIREN DISK

Fig. 3-2 Siren Disk in Closed Position
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Fig. 3-5 Pressure Wave at the Test Plate -
Non-resonant Condition
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Fig. 3-6 Pressure Wave Shape at the Plate for
Long and Short Tube Lengths
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CHAPTER FOUR
DATA REDUCTION

The experimental data consisted of instantaneous gas
pressure and surface temperature measurements, which were
displayed on an oscilloscope and photographically recorded.
The data were then hand scaled from the photographs and
instantaneous heat transfer rates numerically computed from :
the surface temperature measurements. The details of the

data reduction process will now be discussed.

4-1 PRESSURE DATA

As was shown in Fig. 2-9, the fluctuations of the gas
pressure were measured 0.5 in. upstream of the test plate.
As was pointed out in Sec. 3-2, the pressure wave at that
point exhibits a step in the pressdre front which is not
present in the wave front at the test plate. Simultaneous
measurements of the pressure wave at the two locations are
shown in Fig. 4-1. |

The high frequency (130,000 Hz) noise which appears on
the pressure signal results from the shock wave exciting the
natural frequency of the pressure transducer. The lower
frequency component of the noise results from vibration of

the test plate holder in which the transducer was mounted,
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Comparison of the two pressure waves in Fig. 4-1 shows that
the shape of the pressure wave at the test plate can be
obﬁained by extrapolation from the pressure measurement made
0.5 in. upstream. This extrapolation of the pressure data
is shown in Fig. 4-2 by the dotted line. The absolute value
of the pressure at any instant of time was then scaled from
the photograph within three percent accuracy.

The rise time of the shock front was measured to be
three microseconds - which is the rise time of the Kistler
601L pressure transducer used. Therefore, it is known that
the rise time of the pressure wave is < 3 microseconds,

allowing it to be treated as a discontinuity.

4-2 SURFACE TEMPERATURE DATA

The surface temperature oscillations measured were
quite small, ranging from 0.5 to 2.0 °F. Thus, the resulting
temperature signals were also small, ranging from 0.1 to
0.4 mv, which made it necessary to amplifykthe signal one
thousand times before it was displayed on the oscilloscope.
A sample oscilloscope trace is shown in Fig. 4-3. In order
to maintain an acceptable signal-to-noise ratio an Astrodata

Model 885l wideband differential DC amplifier was used.

lSpecifications:

Frequency response: Flat + 0.5% DC to 1 kHz, down to 3 db
at 10 kHz

Settling time: < 300 usec to within + .05% of final value

Noise: < 2 pv rms referred to the input and 250 uv referred
to the output
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Although the noise level of the amplifier was good, its fre~-

quency response was not great enough to follow the rapid
rise of the surface temperature as caused by the arrival

of the shock wave,

In an attempt to measure the rise time of the temper-

ature signal, a Kintel Model llZA:L

DC amplifier was used.
Although the shape of the temperature oscillation could not
be discerned because of the high noise level of this ampli-
fier, a rise time of approximately 10 microseconds could be
measured. This was the rise time of the Kintel amplifier
as well as the rise time of the platinum thin film. There-
fore, the rise time of the temperature signal could only be
determined to be < 10 microseconds. As was done with the
pressure signal, the surface temperature rise was treated
as a discontinuity. The surface temperature signal was
extrapolated as shown in Fig. 4-3. The overshoot in the
surface temperature rise seen in Fig. 4-3 is a characteristic
of the Astrodata amplifier and is not part of the temperature
signal. The accuracy of the temperature measurements is
estimated to be within five percent.

Due to the compreséion and expansion of the gas, the
gas temperature fluctuates above and below the average plate

temperature. Consequently, during a portion of the cycle,

lSpecifications:

Frequency response: + 0.5% to 2 kHz, + 3% to 10 kHz, <3 db
down at 40 kHz

Rise time: <10 usec to within 1%, 20 usec to 0.1% of final
value

Noise: 0-750 Hz, <5 uv rms; 0-50 kHz, <12 uv rms
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heat is transferred to the plate, while during the remainder

of the cycle, heat is transferred from the plate to the gas.
During a test run, a net amount of heat was transferred to
the plate - as was explained in Sec. 3-4.

The heat flux variation with time can be separated into
two portions, as illustrated in Fig. 4-4: (1) a fluctuating
portion where the net heat transfer per cycle is zero and
(2) a positive, non-fluctuating portion. This separation
into two portions is permissible because the differential
equation governing the temperature distribution in the test
plate is linear. There was only a small net heat transfer
per cycle to the surface since the insulating properties
of Pyrex caused its average temperature to approach the
average gas temperature. The non-fluctuating portion of the
heat flux was obtained by measuring the average surface..
temperature and subtracting from this the temperature of
the Pyrex measured 0.062 in. from the surface. The non-
fluctuating portion of the heat flux was then calculated
from this temperature differénce»since the temperature pro-
file in the Pyrex was linear. This temperature difference
was only 2-3°F and therefore could not be accurately obtained
from subtraction of the two separately measured temperatures.
However, the above measurements did show that the magnitude
of the non-fluctuating heat flux component ranged from 0.15-
0.40 BTU/ftz—sec, which was small compared to the fluctuating

component.
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The present investigation is limited to determining

only the fluctuating portion of the heat flux since the
non-fluctuating portion was small and could not accurately
be determined with the present instrumentation. The method
of calculation of the instantaneous heat transfer rates
from the surface temperature measurements is described in

the following section.

4-3 HEAT FLUX CALCULATIONS

In order to calculate the heat flux at the surface of
the test plate from the measured surface temperature
fluctuation, it is necessary to determine the time dependent
temperature distribution in the Pyrex. The temperature
gradient at the surface is then used to calculate the heat
flux there. Since the temperature oscillations do not
penetrate beyond 0.005 in. from the surface, the temperature
distribution can be obtained by solving the heat conduction
problem outlined in Fig. 4-5, where the thickness of the
slab, %2, is greater than the thermal penetration depth.

The experimentally measured surface temperature oscillation
is applied to one side of the slab while the other side is
held constant at the average temperature, T, of that oscil-
lation. From the periodic solution obtained, the instan-
taneous heat flux at the surface can be calculated. The
partial differential equation describing the above one-

dimensional, unsteady heat conduction problem is
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| 2
ta - 22 (4-1)
o 9t ox

The boundary conditions for this problem are

T(Ort) = f(t)

- (4-2)
T(R,t)= T
with the initial condition
T(x,0) = T. (4-3)

This problem was numerically solved by the Crank-
Nicolson implicit method. 1In this method, Eg. 4-1 is

approximated by

Tig+ " Ti,5 L ;L_{Ti+l,j+l = 2T5 g+1 Y Tic1,541
aht 2 (ax) 2
T oL = 2T, L o+ T, . .
4 _itl,3 ir] 1~l,1} (4-4)

(Ax) 2
where

subscript (i) is the distance index and.

subscript (j) is the time index.
For N increments in x Eg. 4-4 yields N equations at each time
increment - with N unknowns, as is readily seen by rearrang-

ing Eq. 4-4.



63

- + (242r)T.

Ti-1,5+1 i3+ Tiv1,5+1
\ | |
The above temperatures are to be
determined at the future time (j+1)

- X

(4-5)
r Ti—l,j + (2—2::)Ti’j + r Ti+1,j

I l

The above temperaturesare known
at the present time (j)

where
alAt i = 1,2, ..., N

r =
(Ax)2

j = 112' ao-’M

For each time increment the set of N equations was solved
by the Gauss elimination method, which results in the

Thomas algorithm (Bruce). The heat flux was determined by

T . - T .
q ... = k[Qed*L T1.0%L) 5 _ 5 5, L., M (4-6)
wyJtl Ax

In all of the calculations the thickness of the slab
was taken to be 0.0115 in., which was approximately twice
the penetration depth. Near the surface at x=0, where the
temperature gradients are largest, the slab was divided intb
0.05 x 10™° in. increments. At a depth of 0.0015 in.,
where the temperature gradients are small, the increment
size was changed to 0.5 x 1073 in.

Initially, the temperature of the slab was set equal

to the average surface temperature, T. The surface temper-
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ature at x=0 was then cycled until a steady periodic temper-

ature variation was established in the slab.

In order to avoid instability in the solution, it was
necessary to divide each cycle into 400 time increments,
yielding a value of r equal to 2.24. This division resulted
in a time increment of 5.2 microseconds at a frequency of
479 Hz. An estimation of the accuracy of the numerical
solution was obtained by progressively'decreasing the x
increment size and extrapolating to an increment size of
zero. For the increment sizes that were used for all of
the data reduction, the heat flux was found to be calculated
within an accuracy of one percent.

The thermal diffusivity and the thermal conductivity
for No. 7740 Pyrex is needed for Egs. 4-5 and 4-6. G.T.
Skinner, at the Cornell Aeronautical Laboratory, and others
have developed a technique for experimentally determining

the quantity (kpc)l/z. Skinner found that

1/2

(koc)’2 = 0.0743 + 5% BTU/ft2-°F-sec (4-7)

The value of the thermal diffusivity, o = 0.00107 in.z/sec,
was taken from the Corning Glass Works Property Data Sheet
on No. 7740 Pyrex. Using the above two values, the thermal

conductivity, k, can be calculated

k = o’? (k)% = 0.729 BTU/hr-ft-°F
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The cyclic heat flux variation calculated in the above

manner for Run 220 is shown for one cycle in Fig. 4-6.

The normalized time against which the heat flux, dy, is
plotted is obtained by dividing the actual time in the
cycle by the period of that cycle. The shock arrives at
the wall at time zero, after which the compressed gas
transfers heat to the wall. As expansion of the gas takes
place the heat flux decreases, passes through zero, and
becomes negative for the remainder of the cycle. As was
previously discussed in Sec. 4-2, only the fluctuating
portion of the heat flux is being considered, and therefore,
the net heat transferred per cycle is zero.

The two quantities Ta and ons are used to characterize
the unsteady heat flux variation. The normalized time, Tor
denotes the fraction of the cycle during which heat is
transferred from the gas to the wall. During this part of
the cycle, the heat flux, q, is taken to be positive.

The amount of energy transferred to the wall during the Ta
fraction of the cycle is denoted as on and can be calcu~

S
lated from:

1 (e 4-8

ons - ; q, 9t (4-8)
where 0
f = frequency

q, = heat flux at the wall

T = normalized time.
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Although the heat flux rates are large in Fig. 4-6, Q
3

pos

is only 1.93 x 10 BTU/ftz. The reason for the small

value of on is that, at the frequencies used in this

s
investigation, the time available for heat transfer is
small. It was found that typically the heat was transferred
to the surface during the first third of the cycle and then
returned to the gas during the remainder of the cycle. As
would be expected, the maximum heat flux occurs immediately
after the shock wave strikes the surface. The heat flux
then decreases rather sharply due to the expansion of the
gas. The surface temperature fluctuation scaled from the
data and used to calculate the above heat flux variation is
given in Fig. 4-7. The calculated temperature distributions
in the slab at several times during the cycle are plotted

in Fig. 4-8. From this figure it can be seen that the
temperature fluctuations are damped out within 0.005 in.

of the surface.

The calculations were performed on a CDC 1604 computer,
with a resulting computation time of thirty seconds per
cycle. It was necessary to cycle the program ten times
before a steady periodic solution was obtained. Each run

required about five minutes of computer time.
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CHAPTER FIVE
THEORETICAL MODEL

A theoretical model was developed to predict the
cyclic variation of the heat flux at the test plate which
forms the end-wall of the tube. The heat flux variation
with time is calculated so that there is no net heat
transfer per cycle. The solution of the governing differ-
ential equations was numerically obtained by use of a finite
difference predictor-corrector method. The assumptions used
in the analysis are similar to those made by B.T. Chao for

heat transfer at the end of rarefaction wave tubes.

5-1 ANALYSIS

As previously discussed, the test plate is located
normal to the tube outlet (see Fig. 5-1). The pressure
at the plate fluctuates at a frequency in the range of
479-881 Hz causing the gas next to the plate to alternately
experience a compression and expansion. Air is bled from
the tube at its periphery by maintaining a small gap
between the test plate and the end of the tube. It is
intuitive that, for small plate gaps, the presence of the
air bleed does not significantly alter the fluid flow

near £ = 0 from what it would be if the end were closed.
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Therefore, the flow near 2 = 0 is assumed to be one- 7

dimensional. Moreover, it will be shown in Chapter Six
that for the plate gaps used ih this investigation, the
unsteady portion of the heat flux can be predicted by a one-
dimensional mathematical model of the system. The ratio
of the tube radius to the gap thickness varied from 12 to
50 in this investigation.

For an ideal gas, with negligible dissipation, the
one-dimensional, unsteady energy equation for laminar flow

is:

cp(ﬂ+uﬂ)=£+u§£+?——(k§?_)

(5-1)
P a5t 3% 5t 9% 9x ox

whére x is the distance measured from the surface of the
test plate. Since the equations are applied to a thin
thermal boundary layer next to the test plate - where the
turbulent velocity fluctuations should be small, laminar
equations can be used.

For a thin boundary layer the pressure can be assumed
to be independent of X. 1In addition, the specific heat,
cp, and the thermal conductivity, k, are assumed constant.
With the above assumptions, Eq. 5-1 becomes

2
c.p (EE + u 22) = & + k éi% (5~2)

P 3t ox dt X

The process outside the thermal boundary layer is considered
to be isentropic so that the temperature there can be

expressed as
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y-1
= Y -
T = TO(P/PO) (5-3)

o]

where P, and T, are the minimum gas pressure and gas temper-

0
ature for the cycle. The subscript « has been dropped from
P in Eg. 5-3 since the pressure is considered to be inde-
pendent of x. Once the pressure variation with time is
prescribed, the gas temperature variation with time outside
the thermal boundary layer is determined by Eg. 5-3. Because
the surface temperature measured at the test plate never
fluctuated more than 2°F and the gas temperature fluctuation
is on the order of 100°F, the surface temperature, Tw’ can

safely be considered constant in this analysis. The boundary

conditions can then be summarized as

-1
T(e,£) = T, = T,(B/P,) ¥ (5-4)

T(O,t) = TW,

Because the pressure variation is cyclic and the steady
periodic solution is desired, the initial condition can be

replaced by
T(x,t) = T(x, t + tp) (5-5)

where tp is the period of the cycle.
An expression for the velocity, u, in Eg. 5-2 is

obtained from the one-dimensional continuity egquation.

9p 4 3fpu) - (5-6)
st oxX
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An approximate expression for u can be obtained from Eg. 5-6

by assuming that the density, p, is independent of x and
equal to the gas density at the outer edge of the boundary
layer, p_. The validity of this assﬁmption is discussed in
Sec. 6-6. Therefore, for the continuity equation only, the
density in Eg. 5~6 may be replaced by the isentropic

relationship

1/v
0, = 0p(B/P) (5-7)
Using the boundary condition that u = 0 at x = 0, Eg. 5-6
(with Eg. 5-7) may be integrated to yield the following

velocity distribution:

Y P
Since the coefficient of x is a function of time alone,
Eg. 5-8 describes, at any given time, a linear velocity
profile in x. For an ideal gas,
p = P/(RT) (5-9)
R _ y1 (5-10)
c
p Y

Substitution of Egs. 5-8, 5-9, and 5-10 into Eg. 5-2 and

rearrangement gives

y-1 . 5
?._]:zn(T/PY )] SlPxar _ R kT (5-11)
2t Yy PT 3x c_ P ox
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The following dimensionless variables can be defined:

Loy .
T/T,, = (T/T,) (P/PO)T, 2z =x/8, 1 = tf (5~12)

U

Yy

o]

where f is the frequency of the pressure oscillation and §
is a distance, at this point not yet defined, that is a
function of time. At any given time, the dimensionless
variable, vy, is the ratio of the gas temperature in the
boundary layer,:T(x,t), to the gas temperature outside the
boundary layer, T, = T(~,t). Therefore, y is the ratio of
the gas temperature to the gas temperature that would be
obtained isentropically.

Introducing the new variables into Eq. 5-11 and

applying the chain rulel to the partial derivatives yields

-1
. - T — 2 .
£Ez-(§.+l?_)z.§x _ _B_.%(_Q)(E_Y?_%(s-lg,)
y 9T ) Y P/ y 9z cp $ Py/ \P oz

where & and P are first derivatives with respect to t. To

eliminate the second term on the left-hand side of Eq. 5-13,

lThe chain rule gives

vyl = 2| dr, 3y 2z
at x 9T 2 dt 90z T ot %
ayl - 3| 3z
ox € 0z T ox £

2 :
3y =.§.(§z).’v>_2.

2
ax £ 8Z \9X £ ox £
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1t

¥

(5-14)

o {One
el vl

An expression for § can be obtained by integrating Eq. 5-14

and letting § = 60 when P = PO

-1/
P

§ = 6 = (5-15)
o ()

The right-hand side of Eg. 5-13 can be simplified by noting

that for an ideal gas

po = Po/(RTO) (5'16)

and that the thermal diffusivity (ao) is defined as
a, = k/(cppo) (5-17)

When Egs. 5-14, 5-15, 5-16, and 5-17 are substituted into

Eg. 5-13, the following form results

o L/ 2
13y _ 9 . (E.> §_§ (5-18)
y 9T £ 60 Py 0z

Equation 5-18 can be further simplified by defining 60 such
that

0/ (£6,%) = 1 (5-19)

With the above definition for 50, Eq. 5-15 can be written as

1/2 -1/v
§ = (ag/E)  (B/Rg) (5-20)



and Eg. 5-18 becomes

/vy
.l."'ﬂ._:'<2>”?"2
y 9T P, 522

In terms of the dimensionless variables, the boundary

conditions, Eq. 5-4, become
1=y
y(0,T) = (T,/T) (B/Py) ¥, yl(=,1) =1
The periodicity condition, Eg. 5-5, becomes

ylz,7) = yl(z,7 + 1)

In addition, the heat flux at the wall is given by

and can be written in terms of the new variables as

= m ¢l/2 /72 (P \ o
q, = -T,f (kpocp) (P ) glz"-
0

z=0

. 80

(5-21)

(5-22)

(5-23)

(5-24)

(5-25)



5-2 NUMERICAL METHOD OF SOLUTION 8l

Equation 5-21 with the boundary conditions given by
Eg. 5-22 and the periodicity condition given by Eg. 5-23
can be solved numerically by replacing the y(»,1) =1

boundary condition by y(zz,T) = 1 where z, is taken large

2
enough to be outside the thermal boundary layer. The
variation of the pressure with time, P(t), in the boundary
condition at z = 0 can be assumed or provided from experi-
mental data.

Douglas and Jones modified the Crank-Nicolson procedure
to obtain a predictor-corrector method applicable to such
nonlinear parabolic differential equations. Their method
of calculation was used to solve Eg. 5-21. The predictor
eguation is given by
2
y

Yi-1,54+41 ~ (27 7 Yi, g+l *tYi41, 441
1,37
where (5—26)

with subscript (i) the z index
and subscript (j) the T index.

2 -1/v
g = 2(82) (g )

AT P0 3+1

The corrector equation is given by

yi—l,j+2 -(2 + )yi 342 Yi+1,4+42 " BC (5-27)
y1,j+1
where
BC = ~-y. + (2 - —~§——~) Y. - — Y. .
i-1,3 i,J i+l,3
Yi, 541

The equations given by Eq. 5-26 for a fixed value of j and



variable i form a tridiagonal matrix that can be solved by
the Gauss elimination method, which results in the Thomas
algorithm (Bruce). The predicted values of y are then
corrected by application of Eg. 5-27, which again results
in a tridiagonal matrix solved in the same manner as was
Eg. 5-26. The yi,j values are known at 1 = 0. These y,.

i,3

values are then used to predict the Y; 541
14

can then be calcu-

values at
T=A1/2. The corrected values, yi,j+2'
lated at v = AT utilizing the wvalues of Yi,j and yi,j+l'
By repeated use of Egs. 5-26 and 5-27 the solution for y
can be obtained at each of the AT increments. The problem
is cycled until a steady periodic solution is obtained.
Douglas and Jones proved that if y is bounded through
its fourth derivative, the above predictor-corrector metho

2 + ATZ

is uniformly convergent, with an error that is O(Az
However, in the present case, because of the discontinuity
in the shock front, the numerical solution was unstable
unless a fine AT increment was used. The thermal boundary
layer was divided into fifty incréments giving Az = 0.055.
In order to obtain stability with this choice of Az, it
was necessary to use At = 0,001 for 0 £ T £ 0.05, and

At £ 0.003 for 0.05 < t £ 1.0. Using the above increment
sizes, no instabilities were encountered. The time incre-
ments were taken such that the pressure was increased

from its minimum value at 7 = 0 to its maximum value at

T = 0,.001. Based on this time increment, the rise time of

the pressure wave in the finite difference solution was

82

a
).
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2.1 microseconds at a frequency of 479 Hz, which is within

the three microseconds rise time that was measured. For

all of the calculations presented in Chapter Six, z, was

2
taken to be equal to 2.75 which was found to always be
large enough to be outside the thermal boundary‘layer.

In the theoretical model there are no means provided
by which a net amount of energy can be exchanged between
the system and its surroundings. The outer boundary of the
system is adiabatic since y approachs the value of one
asymptotically and therefore'%% approaches zero. 1In the
continuity equation, to obtain az—prroximate expression for
the velocity, u, the gas density was assumed independent of
x and equal at any time to the density at the outer boundary
of the system, where the gas is assumed to be undergoing an
isentropic compression and expansion. As a consequence of
this assumption, the motion of the outer boundary of the
system is prescribed as if the entire gas within the system
were undergoing an isentropic compression and expansion
process. Since the compression and expansion process is
along the same path, the net pressure work at the outer
boundary of the system is zero. Therefore, to be consistent
with the theoretical model, which does not allow for any
energy addition to the system at the outer boundary, TO

must be chosen so that the net amount of heat transferred

at the wall per cycle is zero.
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The assumption of a density independent of x in the

continuity equation enters directly into the energy equation
only through use of an approximate expression for the velo-
city, u. indirectly, the assumption enters into the energy
equation by requiring that T0 be chosen so that there is no
net heat transfer at the wall. The limitation of the theo-
retical model to the case of a zero net heat transfer at

the wall is more fully discussed in Sec. 6-6.

A good estimate for TO can be obtained by choosing TO
such that the time-averaged gas temperature outside the
thermal boundary layer is equal to the wall temperature.

The time-averaged gas temperature, fm, outside the boundary

layer is given by

1 y-1
T_o= TO/ (p/P,) Y oar (5-28)
- 0
Substituting T = T, into Eq. 5-28, and solving for Ty yields
T
To = (5-29)

1 y-1

P Y

S dTt
0

This estimate for TO was found to be within 25°R of the T0
value necessary for a zero net heat transfer per cycle.
The computing time amounted to 50 seconds per cycle
on a CDC 1604 computer. The initial condition y(z,0) =1
was used to start the computer program. The program was

cycled until a steady periodic solution developed, which

usually required six to eight cycles.
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The theoretical model is.comparéd with the experimental

data in Chapter Six.
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CHAPTER SIX

COMPARISON OF THE THEORETICAL MODEL WITH

EXPERIMENTAL DATA AND CONCLUSIONS

In this chapter, the results of the theoretical model
are compared with the experimental data. The effects of the
averagel tube pressure, §, the pressure ratio across the wave,
?r’ and the frequency of the wave, £, on the heat flux at the
end-wall are discussed. The validity of the assumptions made
in the theoretical model are then discussed and the chapter

ends with a summary of the conclusions.

6—-1 TYPICAL SET OF EXPERIMENTAL DATA

The experimental heat flux variations with time are
shown in Fig. 6-1 for a typical set of three data runs at
different values of Pr. For these data runs the average
tube pressure, frequency, and mass flow rate were fixed.
The heat flux variations shown in Fig. 6-1 were calculated
from the experimentally measured surface temperature fluc-
tuations given in Fig. 6~2. The magnitude of the heat flux
increases with an increase in Pr' resulting in an increase
in the amplitude of the surface temperature fluctuations.
The corresponding measured gas pressure oscillations are

shown in Fig. 6-3. The shapes of the gas pressure and the

1 . . . v )
In this discussion all averages refer to time-averages.
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surface temperature oscillations are compared in Fig. 6-4.

As was previously mentioned in Sec. 3-2, the shape of the
pressure wave varied from one run to another. However, the
shapes of the pressure waves and the surface temperature
fluctuations varied within a narrow band, as is shown in
Fig. 6-4. This data set is compared in Fig. 6-9 with two
other data sets, which were obtained at different average

tube pressures.

6-2 PREDICTED HEAT FLUX VARIATION WITH TIME

In Fig. 6-5 the predicted heat flux variation with time
is compared with that experimentally obtained for Run 213.
It can be seen that the theoretical model adequately pre-
dicts the heat flux variation. The heat flux at time zero
is infinite if the pressure wave is considered to be dis-
continuous at that point in the cycle. However, the heat
flux predicted from the theoretical model at that time in
the cycle was finite because a finite difference solution
requires that a finite rise time be used. 2as previously
discussed in Sec. 5-2, the rise time of the pressure wave
used in the finite difference solution was quite small -
being 2.1 microseconds for a frequency of 479 Hz.

The normalized gas temperature profiles, y vs z, com-
puted for Run 213 are shown in Fig. 6-6. Notice that the
oscillations in y are damped out at the outer boundary,

z = 2.75; at which point the wall no longer has an influence
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on the gas temperature. The gas temperature profiles are

plotted in dimensional coordinates in Fig. 6-7. At the

end of the cycle the gas temperature profile is as shown

at T = 0.99. The boundary layer is compressed at v = 0.001
as the shock wave arrives. The pressure work is distributed
throughout the boundary layer, causing the entire level of
the gas temperature profile to rise. Since the wall temper-
ature is fixed, a maximum in the gas temperature profile

at T = 0.001 occurs 0.3 x 10°° in. from the wall.

During the period of time between T = 0.23 and 1t = 0.44
gas temperature profiles are encountered which have the
shape shown in Fig. 6-8. The shape is such that, although
the gas temperature at the outer edge of the boundary layer
is greater than the wall temperature, heat is transferred
from the wall to the gas. If at this point in the cycle a
heat transfer coefficient, h, is calculated based on the
usual difference between the gas temperature at the outer
edge of the boundary layer, T , and the wall temperature,

T a negative value of h is obtained. It is immediately

w’
apparent that the driving force for heat transfer is not
represented by T_- TW, but rather by TW - Td’ as shown in
Fig. 6-8. When the instantaneous heat transfer coefficients’
are calculated throughout the cycle it is found that h varies
widely - attaining positive, negative, and infinite values

at different points during the cycle. Since in the present-

solution the heat flux is obtained directly from the com-

puted temperature profile, there is no need to introduce h;
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therefore only heat flux rates are discussed.

In Fig. 6-7 ‘there are several observations that can
be made. The most noticeable is thét the thermal boundary
layer is thin - being less than 0.007 in. for this case.
Notice that the outer boundary of the system, x = Xor is a
function of time. Since the value of z is fixed at the
outer boundary, Eg. 5-20, along with the definition of z
given in Eq. 5-12, yields

-1/v

. T *imax (P/PO) (6-1)

which specifies the motion of the outer boundary of the
system. It can also be seen from Fig. 6-7 that, although
the amplitude of the gas temperature fluctuation is small
(50-75°F), the temperature gradients at the wall are large -
approximately 0.4 x 106 °F/in. at 1 =0,001. This large
temperature gradient occurs because the temperature profile

exhibits a maximum near the wall as was previously discussed.

6~-3 EFFECT OF AVERAGE TUBE PRESSURE

In Fig. 6-9, Q is plotted against Pr for three

pos

different average tube pressures, P. Qos (see Fig. 4-5) is

the amount of energy alternately being exchanged between
the wall and the gas

T

QPos = g 9y dt (4-8)
0

or since the net heat transferred per cycle is zero
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1
= 2 an (6-2)
ons = ;; ‘qw‘ T
0

The variation of the shape of the pressure wave from one
run to another necessitated that an average pressure shape
be used for the theoretical calculations at each of the
three average tube pressure levels presented in Fig. 6-9.
This variation from run to run accounts for some of the
scatter in the experimental data. The average pressure
shape that was used at each of the tube pressure levels is
shown by the insert in Fig. 6-9. As can be seen, the
variation in the average pressure shape was small.

The instantaneous heat flux, q,,r and ons both increase
as P and P increase. The increase in heat flux is caused
by the increase in the rate at which pressure work is done
on the gas. In the energy equation, Eg. 5-2, the pressure
woxrk is given by (1/p)dP/dt. Therefore, the pressure work
is proportional to dP/dt. BAn increase in either P_ or P
will increase the value of dP/dt and ultimately increase
the heat flux because of the larger temperature gradients.
The increase in dP/dt is apparent from Fig. 6-10a, in which
the average pressure of the cycle is given by P = ClAP + Py
with AP being the amplitude of the oscillation. The constant,
Cl’ is only dependent on the shape of the pressure wave,
and is therefore fixed when the pressure shape is fixed.

When Pr is introduced into the above equation, P, is elim-

0

inated and the following expression results:



92

\ —1
AP = P (—-:L4~——+ cl‘) (6-3)
(Pr - 1)

Equation 6-3 shows that an increase in Pr or P increases AP
which results in an increase in dP/dt, as was shown in
Fig. 6-10a.

The theoretical model agrees with the experimental data
except at the lowest average tube pressure of 40 psia, where
the experimental data lie above that predicted from the
model. This difference is attributed to the departure of
the flow near the center of the test plate from one-dimen-
sional flow. A velocity component parallel to the wall
would increase the heat flux to the wall. 1In order to
lower the average tube pressure to 40 psia, it was necessary
to use a plate gap thickness of 0.035 in. For a gap as
large as this, the flow near the center of the test plate is -
affected by the exhausting air and departs from one-dimen-
sional flow.

The dependence of the heat flux on the average tube

pressure can be obtained from Eq. 5-25:

1/2 1/2

q, = -T,f (koc,) (3 ) 3y (5-25)
PO 9z 7=0
which by substitution of Py = PO/(RTO) becomes

fkT . .c \1/2 .
a = -POI/Z(__Q__E) (2) 2y (6-4)
R P0 22

z=0

If the values of cp, k, £, R, and TO are held constant in
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Eg. 6-4

= (6-5)

z=0 42

Now, if v, Tw’ Pr’ and the shape of the pressure wave are

also constant, it follows that

[?. ¥ ] =[.13 3y ] (6-6)
Po 921, Pg 2zl 4

1 2
When Pr and the pressure shape are constant, the P/PO dis-

tribution with time is constant and if, in addition, TW,

TO’ and y are constant, the solution for y is fixed because
the differential equation and the boundary conditions given
by Egs. 5-21 and 5-22 are fixed. Therefore, the solution
for v is fixed and Eq. 6-6 is satisfied. Substitution of
Eg. 6-6 into Eq. 6-5 gives

1/2

—_— = — (6-7)

- However, when Pr and the shape of the pressure wave are
constant the minimum pressure in the cycle is proportional
to the average pressure of the cycle

Po1

(6-8)

wcl |
N

d

02
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Therefore

a ‘
wio 1 (6-9)
2 2

which shows that the heat flux rate is proportional to the

square root of the average tube preséure. It can also be

shown that
0 p 1/2 = 1/2
posl _ 0l - :l (6-10)
onsZ Po2 Py

Equation 6~10 is only approximately satisfied in Fig. 6-9
because a slightly different pressure shape was used at
each of the three tube pressures. The pressure shape used
for each set of runs is the average pressure shape for that

set,

6~4 EFFECT OF FREQUENCY

The effect of frequency on ons at an average tube
pressure of 104 psia is shown in Fig. 6-11. In a manner
completely analogous to that used in the previous section,

Eqg. 6-2 and Eg. 5-25 yield, for fixed Tw' TO’ PO’ k., cp,

Y, P and pressure shape:

rl

—_ = — . = - (6-11)
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An increase in the frequency increases the value of

dp/dt as shown in Fig. 6-10b. As discussed in Sec. 6-3,
an increase in dP/dt in Eg. 5-2 results in an increased
heat flux. However, because of the decrease in the time
available for the heat transfer per cycle at the higher

frequencies, the value of on decreases with increasing

S
frequency, as is apparent in Fig. 6-11.

6~5 EFFECT OF MASS FLOW RATE

In the theoretical model it was assumed that the
fluid flow near the center of the test plate was one-
dimensional and therefore independent of the average mass
flow rate through the tube. The validity of this assumption
was verified experimentally by taking a set of data runs at
three different mass flow rates: 0.133, 0.276, 0.480
lbm/sec - while frequency and average tube pressure were
maintained constant. As shown in Fig. 6-12, Q was

pos
experimentally found to be independent of the mass flow rate.

6-6 DISCUSSION OF THE ASSUMPTIONS IN THE THEORETICAL MODEL

For the range of variables used in this investigation,
the boundary layer thickness was never greater than 0.020 in.
This is small compared to the wavelength of the pressure
oscillation which is 2.3 ft. at 479 Hz. Therefore, the assump-
tion of a thin boundary layer that was used throughout this

analysis is justified.
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The thermal conductivity of the gas was taken to be

constant in this analysis and was evaluated at the wall
temperature. From the resulting solution it was found that
the gas thermal conductivity deviation from that at the wall
was never greater than 25 percent. The variation of the
thermal conductivity can be approximately accounted for by
use of a mean value between the thermal conductivity at the
wall and the thermal conductivity at the outer edge of the
boundary layer. Use of this mean value of the thermal con-
ductivity changed the predicted heat flux at the wall by
less than two percent. Therefore, the use of a constant
thermal conductivity is a suitable approximation.

In the continuity equation only, the gas density was
assumed to be independent of x and equal to the gas density
at the outer edge of the boundary layer. This assumption
yielded an approximate expression for the gas velocity, u,
given by Eq. 5-8, which describes - at any given time - a
linear velocity profile in x. Once the solution of the
energy equation has been obtained through use of the u
expression given by Eq. 5-8, that solution can be used to
calculate a new u profile by integration of the continuity

equation. That is

ulx,t) =~ - —2— | 22 gx (6-12)
p(x,t) 0 ot

The u profile calculated by Eg. 6-12 is an approximate one

since the values of p and 9p/3t used were obtained from an
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approximate solution of the energy equation. 1In this

manner, the u profile was obtained at several different
times in the cycle and the results are shown in Figs. 6-13
and 6-14. The solid lines are the velocity profiles given
by Eq. 5-8 and the dotted lines are the velocity profiles
obtained from Eq. 6-12, From the figures it can be seen
that at t = 0.001 and 0.04 the velocity profiles differ
greatly while at 7 = 0.12, 0.35, and 0.75 the agreement is
quite good. The density variation with x is greatest
during the cycle at 17 = 0.001 as indicated by the large
difference in the u profiles. Since the velocities are
negative everywhere in the boundary layer, mass is being
added to the boundary layer.

From the above discussion, it can be seen that for
T < 0.05 the assumption of a density independent of x is
a poor one while at later times the assumption is a good
one. The importance of u in the solution of the energy

equation, Eq. 5-2

c.p (32 + U 32) = dp + k 3;% (5-2)
P 5t 3% dt o%

depends on the magnitude of the u 3T/3x term compared to
the magnitude of 3T/3t. When the magnitudes of these two
terms were calculated, it was found that there are only
small regions of the boundary layer where u 3T/9x and
3T/dt are of the same order of mégnitude. Outside these

regions, 9T/3t is at least an order of magnitude larger
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than u 3T/5x. The inaccuracy of the wvalues used for u at
small times (0. < T < 0.05) does not have a significant
effect on the solution of the energy equation as is con-
firmed by the fact that the model agrees reasonably well
with the experimental data.

When the pressure ratio across the wave is very large
or the gas temperature level is much greater than the wall
temperature, there are substantial vériations in the gas
density in the thermal boundary layer. A large density
variation would cause an expansion wave to be formed and
dP/dx would not necessarily be zero as assumed in the present
theoretical model. To account for the dP/dx variation,
the momentum equation would have to be included.

For the case of a large net heat transfer at the wall,
the continuity, momentum, and energy equations must be
solved simultaneously. It has already been shown that
when the continuity equation is solved separately from the
energy equation to obtain an approximate expression for
the velocity u, one is restricted to the case of a zero
net heat transfer at the wall. In addition, when there
is a net transfer of energy at the outer boundary of the
system, the boundary condition there must be obtained
by calculation of the upstream gas dynamic behavior.

To further complicate the problem there may be some

regimes in which the effects of turbulence are important.
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These effects would be difficult to predict and one would

probably have to resort to an empirical correlation.
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6-7 SUMMARY OF CONCLUSIONS

This investigation has shown that for periodic shock-
fronted pressure waves the instantaneous heat flux rates
from the gas can be quite large, even when the net heat
transferred to the surface is zero. The maximum heat flux
in the cycle occurs immediately after the shock-front
strikes the surface. For a short time thereafter the heat
flux is greater than 40,000 BTU/hr—ftz.

The rapid compression of the boundary layer by the
arrival of the shock-front causes the temperature profile
to have a maximum value within the thermal boundary layer
a short distance from the wall. This temperature profile

has a steep gradient at the wall of up to 2 x 106

°F/in.,
which results in a large heat flux there. Sinusoidal pres-
sure waves would not result in such large heat flux rates.
The lower rate of compression of the boundary layer would
allow more time for heat conduction to occur in the gas,
which would result in a smoother temperature profile with
the peak eliminated. The temperature gradient, and con-
sequently the heat flux, at the wall would be smaller with
these sinusoidal pressure waves than with the shock-
fronted pressure waves where the compression of the gas is
more rapid.

The instantaneous heat flux was found to increase as
the square root of the product of the frequency and the

- 1/2
time-averaged pressure of the oscillation [ (£P) 1. The
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heat flux also increased with an increase in the pressure

ratio across the wave. These trends are explained by the
increase in the rate at which pressure work is done on the
gas in the boundary layer.

The present investigation has shown that there can be
a large variation in the instantaneous heat flux rate at
the surface when the net heat transferred at the surface
is zero. The same would also be true when there is a
large net heat transfer at the surface. Because the
variation in the heat flux is large, any heat transfer
analysis performed in such an oscillatory pressure environ-
ment should account for the instantaneous rates rather than
accounting only for the time-averaged heat flux rates. It is
apparent that additional investigations into the instantaneous
heat flux rates would be helpful in understanding the heat

transfer in oscillatory flows.
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Fig. 6~8 Gas Temperature Profile Which Results in
A Negative Heat Transfer Coefficient
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CHAPTER SEVEN
RECOMMENDATIONS FOR FUTURE INVESTIGATIONS

As was discussed in Chapter Six, the theoretical model
is only applicable to the case in which the net heat trans-
ferred to the wall is zero. The minimum gas temperature,
TO' was chosen so that this condition was satisfied. Howéver,
in many cases of practical interest Ty is much larger than
the wall temperature, causing a net aﬁount of heat to be
transferred to the wall. It is therefore recommended that
a second generation investigation be performed with this
apparatus wherein a substantial temperature difference is
maintained between the wall temperature and the oscillating
gas temperature. This would necessitate heating the air
and developing a heat flux gauge which could accurately
measure the absolute value of the heat flux oscillations.
The heat flux gauge used in the present investigation could
only accurately measure the fluctuatinq portion of the heat
flux shown in Fig. 4-4. Since the governing differential
equations for the gas are nonlinear, the problem cannot be
divided into a fluctuating and a nén—fluctuating portion,
and each solved independently. Therefore, a modified
theoretical model must be developed for the case where a
net amount of heat is transferred at the wall as discussed

in Sec. 6-6.
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In the present experimental apparatus there are

several other types of flow conditions where instantaneous
heat flux measurements could be made. The present inves~
tigation was undertaken at position A in Fig. 7-1, where
the longitudinal pressure waves are normai-to the surface -
as are the fluid velocity fluctuations. The effects of
velocity components parallel to the surface could be deter-
mined’at a position B, located near the air gap. It would
be expected that the velocity component parallel to the
wall would increase the heat flux above that obtained at
position A where this velocity component is zero.

As was previously mentioned, Harrje and others at
Princeton have studied the mechanism by which heat is
transferred to the tube wall in the/presence ofvhigh
frequency, steep-fronted pressure waves. Their investigatioﬁs
were concerned only with the time-~averaged heat flux rates.
An investigation of the instantaneous heat flux rates at the
tube wall, such as at position C in Fig. 7-1, would com-
plement Princeton's study.

The effect of pressure osciilations on instantaneous
mass transfer rates is of great interest to those concerned
with rocket combustion instability. In the present inves-
tigation it has been shown that the arrival of the shock-
front causes extreme temperature gradients at the wall -
with the gas temperature profile reaching a maximum value

at a point inside the thermal boundary layer, such as occurs
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at T = 0.001 and 0.04 in Fig. 6-7. A temperature profile

such as this would have a considerable effect on the instan-
taneous mass transfer, which would not be predicted by a
quasi-steady type analysis. The pfesent apparatus can
provide the environment for the instantaneous mass transfer

studies needed in this most challenging area.
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